A sidewall compression scramjet engine operated in two combustion modes under Mach 6 flight condition, weak-and intensive-combustion modes. The weak mode occurred below the overall fuel equivalence ratio (Φ) of around 0.4. Transition from the weak mode to the intensive mode occurred at Φ ~ 0.4, accompanied by a sudden increase in thrust. Mechanisms of the transition were numerically investigated in this study. Our simulations captured the sudden increase in thrust at the mode transition. In the weak mode, combustion occurred in only a region near the topwall where an igniter was installed. The combustion region expanded toward the cowl with boundary-layer separation at the mode transition. Our simulations demonstrated that low ignition capability resulted in the weak mode. We demonstrated that the presence of additional igniters on the sidewalls improved the ignition capability and achieved the intensive mode in the entire Φ range. Nomenclature G H2·O2 = flame index (=
I. INTRODUCTION
CRAMJET engine tests [1] indicated that the engine operated in two combustion modes for Mach (M) 4 and 6 flight conditions. Thrust measurements indicated that the engine hardly generated thrust when the overall fuel equivalence ratio (Φ) was below a threshold. Emission of the exhaust gas observed during the tests was weak. We refer to this lower thrust as the weak-combustion mode (weak mode). When the fuel equivalence ratio exceeded the threshold, combustion was active and the engine produced a large thrust. We refer to this much higher thrust as the intensive-combustion mode (intensive mode). Transition from the weak mode to the intensive mode occurred at Φ ~ 0.2 for M4 flight condition, and that occurred in a range between Φ = 0.3 and 0.6 for M6 flight condition. Both the flight condition and the engine configuration affected the threshold. The low thrust in the weak mode and the sudden increase in thrust with the transition are undesirable in a propulsion system. Therefore, it is necessary to analyze the mechanisms of the mode transition and to design an engine that attains the intensive mode in all Φ ranges.
Similar scramjet engines in the United States operate in the same combustion modes. Although Thomas et al. [2] reported a sudden increase in thrust under M6 flight condition, they did not mention its cause in open literature. Our group has experimentally investigated the transition mechanisms [3, 4] . These mechanisms, however, have not yet been fully clarified. The experimental findings on each combustion mode are as follows.
S i)
In the weak mode, the flame was detached from the fuel injectors and anchored on the topwall behind the shock wave from the cowl lip of the engine.
ii) In the intensive mode, the flame was anchored at the backward-facing step upstream of the fuel injectors.
The recirculation region at the step base merged with the separation bubble ahead of the fuel injector.
iii) A reaction rate controlled combustion in the weak mode, whereas a fuel mixing rate controlled combustion in the intensive mode.
Based on these findings, previous works proposed two transition mechanisms. One was based on the formation of the merged-recirculation region when the fuel equivalence ratio (i.e., fuel injection pressure) increased [3] . The other focused on the upstream propagation of the combustion region in the weak mode [4] .
The formation of the merged-recirculation region explained the transition mechanism as follow. High injection pressure produces high flow blockage due to the injection, enlarging the separation bubble ahead of the injector and combining the separation bubble with the recirculation region behind the step base. The merged-recirculation region provides a longer residence time for the fuel and ignition occurs in this region. As a result, the mode transition occurs. This mechanism does not consider the effects of downstream configuration in the combustor on the transition. Takahashi et al. [5] demonstrated that the mode transition occurred due to the changing geometry of the downstream section in the combustor at the same equivalence ratio. The intensive mode was attainted in the constant-area combustor, and the weak mode was attained in the diverging combustors. Therefore, the formation of the merged-recirculation region does not completely explain the transition.
The other mechanism was based on the upstream propagation of the combustion region generated in the weak mode [4] . The mechanism was derived from comparison of the steady-state wall heating rates in the two combustion modes. We did not have reliable evidence for this mechanism because the mode transition is essentially an unsteady phenomenon.
Component tests of the scramjet combustor exhibited other mechanisms of the sudden increase in thrust. The component tests [6, 7] indicated that the combustor operated in two modes: supersonic combustion and subsonic combustion with a precombustion shock wave in the isolator. The transition from supersonic combustion to subsonic combustion drastically increases the thrust. This might occur in an engine test. Dual-mode operation of the combustor is one of the transition mechanisms. The purpose of this study is to determine the transition mechanism (i.e., to verify which mechanism is appropriate).
Further information on mode transition is difficult to obtain from the experiments because of difficulties in measurement. Computational Fluid Dynamics (CFD) provides the details in both the flow-fields and the time evolution during the transition. Therefore, we used CFD in this study. Our previous simulations of the M6 engine test did not simulate the mode transition, though the simulations effectively reproduced the data of the intensive mode [8, 9] . The M6 condition was at the limit of auto-ignition. A torch igniter was used in the engine test. Our previous simulations did not simulate the torch igniter: instead, the impulsive heating of the wall ignited the fuel.
This seems to affect the mode transition. Therefore, we duplicated the torch igniter to simulate the mode transition in the present work. 
II. DESCRIPTION OF NUMERICAL SIMULATION

A. Engine Configuration
B. Grid System
The simulations in the engine were performed over a half-width of the flow-path, assuming symmetry about the center plane. An unstructured hybrid grid composed the three-dimensional computational domain [10] . The inlet section consisted of 7mm tetrahedrons. The tetrahedrons were 1.5 to 3mm in the constant-area combustor, 0.2mm in the fuel injector, and 5mm in the nozzle. The minimum distance from the wall was 10µm. The computational grid was optimized to capture the physically and chemically relevant features [11] . The domain consisted of 1.5 million control volumes.
C. Numerical Method
The computations were performed with the Tohoku University Aerodynamic Simulation (TAS) code, extended to reactive flow simulations by Kodera et al [12] . This code was applied to many internal and external flow simulations and was validated previously [8, 9, 12, 13] . The code uses a cell-vertex, finite-volume technique with a second-order upwind scheme on a hybrid unstructured grid, to solve the three-dimensional compressible Reynoldsaveraged Navier-Stokes equations with finite-rate chemistry. This platform employed the AUSM-DV scheme to approximate convective flux.
The LU-SGS implicit method [14] was used for time integration. Although this method saves the CPU cost because it requires no matrix inversion, it has less than first-order time accuracy. Generally, the Newton subiteration improves the time accuracy for unsteady flow simulations, but it was not used in this study. However, since the time step (Δt) was very small (Δt = 10 -8 s) and fixed, the quantitative features of the time evolution of the flowfield were sufficiently captured.
The algorithm adopted the finite-rate hydrogen-oxygen reaction proposed by Stahl 
D. Flow Condition
The simulation used the inflow conditions of the engine test Reynolds number based on H was 2.1x10 6 . The incoming boundary layer thickness was 50mm, developed on the wall of the facility nozzle. The incoming boundary layer was modeled as a simple one-seventh power-law profile, and the boundary condition for the turbulence transport equation was same as the freestream value. Although the boundary conditions of the incoming boundary layer usually affect the shock-boundary layer interaction in the inlet [18] , they less affected in our computations because of boundary-layer bleeding on the topwall in the inlet. The thick incoming boundary layer easily induced flow separation due to combustion. It triggered an engine unstart. To prevent engine unstart and to extend the operating range of the engine, a boundary-layer bleed system was attached on the topwall. In the simulation, the bleeding velocity normal to the surface was assigned to fix the bleeding flow rate. Other flow properties on the bleed surface were extrapolated from the internal flow properties. The bleeding flow rate was 30g/s corresponding to 0.6% of the captured air in the inlet.
The M6 flight condition was at the limit of the auto-ignition. Therefore, the engine was equipped with two torch igniters on the topwall at 20mm upstream of the step location ( Fig. 1 ). Hydrogen/oxygen combustion gas with an equivalence ratio of 2.0 was injected at a chamber pressure of 650kPa through two 2.5-mm diameter orifices. The surplus H 2 mass flow rate of the igniter increased Φ less than 0.005. A one-dimensional equilibrium calculation [19] gave the boundary condition of the igniter. The calculated density, temperature, and velocity were imposed on the triangular cells of the topwall to simulate the igniter. The auxiliary igniters are depicted on the sidewall in Fig. 1 .
These igniters were not installed in the actual experiment. Details on the auxiliary igniters will be discussed later.
Other solid walls were modeled as non-slip isothermal walls at a temperature of 300K.
III. RESULTS AND DISCUSSIONS
A. Comparison of CFD and Experimental Data
Our simulations with the igniter reproduced the engine test data of Ref. 17 . Figure 2 presents the wall pressure (P W ) distributions on the sidewall along the engine with and without combustion. The horizontal axis is the distance from the leading edge of the topwall normalized by H. The vertical axis is P W normalized by P 0 . The symbols denote the experiment data and the lines denote the numerical data. The computations properly reproduced the measured data in all cases.
The wall pressure distribution at Φ = 0.3 (weak mode) was the same as that without fuel injection up to the region near the fuel injector. The pressure level at this mode was slightly higher in both the diverging combustor and the nozzle than that without fuel injection. The wall pressure at Φ = 0.5 (intensive mode) increased steeply at the rear half of the isolator (x/H ~ 3.3) indicating the presence of precombustion shock in the isolator. The wall pressure increased remarkably around the fuel injectors at the combustor and at the nozzle, compared with those at Φ = 0.3.
In both cases, our simulations appropriately reproduce the experiment data. The experiment data indicate that ΔF suddenly increased from 400N to 1500N at Φ = 0.3 ~ 0.4, but drastically dropped to100N at Φ ~ 0.7. The mode transition occurred at Φ = 0.3 ~ 0.4. The equivalence ratio at the transition was scattered in a certain Φ in the experiment. The rapid decrease in thrust at Φ ~ 0.7 was caused by the combustorinlet interaction. The intrusion of the precombustion shock wave into the inlet reduced both air capture and total pressure recovery. It increased the wall pressure in the inlet, increasing pressure drag. As a result, the thrust increment drastically decreased at Φ ~ 0.7. We refer to this phenomenon as engine unstart. The numerical data indicated that the mode transition occurred at Φ ~ 0.4 and that the engine unstart appeared over Φ ∼ 0.55. Our simulations did not accurately predict Φ at the engine unstart, but did predict Φ at the mode transition. The engine unstart depends on the development of flow separation on the topwall [8] . We believe the turbulence model greatly affects the growth rate of the separation: therefore, accurate prediction of this point is beyond our computations. Figure 4a presents the computational local equivalence ratio (φ) at the exit of the engine, and Fig. 4b compares the computed and the measured data. The local equivalence ratio includes the fuel consumed by combustion. Figure   4a depicts a high φ region on the topwall but not on the sidewall. Thus, the uniformly injected fuel from the sidewalls accumulated on the topwall. The inlet had a swept-back angle to spill part of the incoming flow. The cowl interrupted this outward flow, and a strong shock wave emanated from the cowl lip. The pressure rise across the cowl shock wave induced the secondary flow toward the topwall in the sidewall boundary layers. As a result, two fuel vortices appeared on the topwall and produced a high φ region. Figure 4b indicates that the simulation qualitatively reproduced those high fuel concentrations on the topwall. In this comparison, overall Φ was slightly different between the simulation and the experiment because the engine could not start above Φ = 0.6 in the simulation. Therefore, the local φ was normalized by Φ. The simulation quantitatively overestimated φ/Φ at y/H = 0.25. This overestimation might be one of the reasons why the engine easily entered unstart in the simulations. In the weak mode, OH radicals appeared only around the hot exhaust of the igniter on the topwall at x/H of 4.34.
B. Flame Structures in Weak-and Intensive-Combustion Modes
The surplus H 2 within the exhaust of the igniter reacted here. The main fuel from the injectors did not burn at this location. It was ignited near the topwall at x/H of 5.0. OH radicals appeared in the thick boundary layer on the topwall and the sidewall. The combustion region did not spread in the core flow in the weak mode.
In the intensive mode, small discrete flames appeared around the individual fuel jets at x/H of 4.34. The fuel jets near the topwall penetrated deeply into the airstream and reached the strut. The small discrete flame structures diminished at x/H = 5, because they consumed oxygen between the jets. As a result, a merged flame appeared in each flow-path: thus, the combustion region extended into the core flow downstream of the combustor.
We investigated the flame structures in each combustion mode by using the flame index parameter [20] defined
This parameter distinguishes premixed flame from diffusion flame. In the regions where high temperature or high OH radical was detected, the index is positive for a premixed flame, to which oxidizer and fuel come from the same direction. In the regions where high temperature or high OH radical was detected, the index is negative for a diffusion flame, to which oxidizer and fuel come from opposite directions. The premixtures were consumed in the premixed flames. As a result, OH radicals appeared in flames on the sidewall and topwall (Fig. 5a ).
Generally, a premixed flame requires a stabilization mechanism because it is a self-sustaining propagation of the combustion zone. In the weak mode, the diffusion flame coexisted with the premixed flame near the topwall at x/H Mitani et al. [4] conducted the gas sampling measurement at the exit of the engine for each modes. The gas sampling data showed that a reaction rate controlled combustion in the weak mode, and a mixing rate of fuel controlled combustion in the intensive mode. The flame index and the OH radical distributions in our simulations indicates that a reaction rate controlled combustion in the weak mode, and a mixing rate controlled combustion in the intensive mode. Our simulations qualitatively reproduce the gas sampling measurement at the exit plane [4] .
Thus, our simulation captured not only the mode transition point but also the flame structures at each combustion mode. Therefore, we conclude that our simulation is sufficiently accurate to investigate the mechanisms of the mode transition.
C. Transition Mechanisms
Combination of OH radical distribution and the flame index is useful for revealing flame structures even in a In the weak mode, the front of the reaction zone detached from the injector on the sidewall (Fig.7a) . The region where OH radicals were detected did not reach the cowl even at the exit of the engine. Most of the fuel near the cowl did not react. The positive index regions appeared in the combustion region (Fig. 8a) . Thus, the flame in the weak mode was a premixed flame. The recirculation region behind the step base merged with the separation bubble ahead of each fuel injector. In addition, they connected with each other in the height-wise direction. Although a very largerecirculation region formed around the step, the intensive mode could not be attained. Our simulation clearly indicated that the formation of a merged recirculation region is insufficient to achieve the intensive mode. The front edge of the combustion region propagated along the shock wave from the cowl until it reached 2.4 ms.
The combustion-generated high-pressure region spread like a wedge ( Figs. 9b-e ). The combustion-generated shock waves reflected on both the cowl and the topwall at 2.2ms. They promoted the upstream propagation of the combustion region on the cowl and the topwall. At 2.4ms, the combustion region at the mid-height reached into the backward-facing step, though it did not approach the topwall. Once ignition occurred in the recirculation region behind the step base, heated production due to combustion rapidly spread through the recirculation region, and ignition occurred there.
In the transient stage, the flame index was positive at the front of the combustion region ( Fig. 8b-f ). Flame propagated upstream in the transient stage, and the premixture of the weak mode was consumed. Once the flame was anchored at the step base, negative index regions appeared in front of the positive index region (Fig. 8g) . A diffusion flame developed after the premixture was consumed. In the steady-state solution, the flame index became negative around the step base. In the intensive mode, supersonic combustion occurred in the shear layers between the supersonic airflow and the fuel jets. The separation bubble generated in the transient stage disappeared except on the topwall. In summary, we conclude that the weak mode originated from the low ignition capability.
D. Achievement of the Intensive Mode by Auxiliary Igniters
Improvement of both ignition and flame holding at the cowl side is key to controlling the mode transition, because the weak mode originated from the low ignition capability. Therefore, we improved ignition capability by adding auxiliary igniters on the sidewall, and numerically demonstrated that they prevented the weak mode and attained the intensive mode in the entire Φ range. Figure 1 indicates the locations of the auxiliary igniters. One auxiliary igniter was installed near the cowl, and another at the center of the sidewall. They operated under the same conditions as the igniter installed on the topwall. Their orifice diameters were 2.5mm. At 0.1ms after the auxiliary igniters were operated, OH radicals appeared around the auxiliary igniters ( Fig. 10b ).
They spread downstream and merged together at 0.2ms. At 0.3ms, the combustion regions due to the auxiliary igniters merged with the combustion region in the weak mode inducing high pressure in the constant-area combustor and on the topwall. The high pressures pushed the combustion region toward the step (Figs. 10d, e and f) .
Simultaneously, the combustion region spread downstream and covered the sidewall as time passed. The high OH radical region at the transitional stage gradually disappeared, and the intensive mode was achieved (Fig. 10g) .
The auxiliary igniters produced positive index regions around them (Fig. 11b) , and ignited the premixture near Our simulations captured the sudden increase in thrust with the mode transition by simulating the ignition process with the igniter installed on the topwall.
During the weak-combustion mode, the main fuel from the sidewall did not ignite near the fuel injectors. The combustion region was confined within the boundary layer both on the topwall and the sidewall near the topwall side. However, in the intensive-combustion mode, a diffusion flame was established between the supersonic airflow and the fuel jets. It was anchored with a backward-facing step.
The mode transition was induced by upstream propagation of the combustion region with boundary-layer separation in the weak-combustion mode. It started where the shock wave from the cowl lip crossed over the combustion region in the weak-combustion mode. The driving force of the transition was combustion-generated high pressure.
In the present engine, the ignition capability was too low to obtain the high pressure for inducing the intensivecombustion mode at the low equivalence ratio regime. Numerical demonstration indicated that the installation of auxiliary igniters on the sidewalls improved ignition capability and delivered higher thrust at a low equivalence ratio.
The auxiliary igniters prevented the sudden change in thrust that was unfavorable for engine control. 
